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DESCRIPTION 
SOLAR CELL AND PRODUCTION THEREOF 

5 Technical Field 

[OOOl] The present invention relates to a solar cell. The present invention 
particularly relates to a substrate-tj^e solar cell. 

Background Art 

10 [0002] Conventionally, a solar cell of the substrate type has been known, 
which includes a substrate, a lower electrode formed on the substrate, a 
light-absorption layer formed on a conductive film, a window layer formed on 
the hght-absorption layer, and an upper electrode formed on the window layer. 
Further, a solar cell of the substrate type that further includes a buffer layer 

15 formed between the light-absorption layer and the window layer has been 
known. 

[0003] Regarding the conventional solar cell of the substrate type, more 
specifically, a configuration has been proposed that includes a glass substrate 
containing an alkah metal such as Na, a metal film (lower electrode) such as 

20 a MO film formed on the glass substrate by sputtering or the like, a 

chalcopyrite -structured compound semiconductor layer (hght-absorption 
layer) having a p-type conductivity such as a p-type Cu(In,Ga)Se2 layer, 
which is formed on the metal film by multisource vapor deposition or the like, 
a CdS layer (window layer) formed on the compound semiconductor layer by a 

25 solution method, and a n-type transparent conductive film (upper electrode) 
such as a ZnO:Al film (see, for instance, JP10(1998)-74967A). To produce a 
solar cell with a high energy conversion efficiency, in the conventional 
configuration, the p"type Cu(In,Ga)Se2 layer functioning as the 
light-absorption layer was formed by applying a method in which a p-type 

30 Cu(In,Ga)Se2 crystal was grown slowly over a long time. This is because the 
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slow crystal growth allows not only for the reduction of crystal defects in the 
p-type Cu(In,Ga)Se2 layer, but also the enhancement of the flatness of the 
surface thereof even though the layer is poly cry stalhne. Further, by forming 
a CdS layer on the p type Cu(In,Ga)Se2 layer with the flat surface, the CdS 
5 layer can be formed with excellent coverage. 

[0004] Further, another example of the conventional substrate "type solar cell 
has been proposed that includes a glass substrate, a metal film (lower 
electrode) such as a MO film formed on the glass substrate by sputtering or 
the like, a chalcopyrite- structured compound semiconductor layer 

10 (light-absorption layer) having a p-t3rpe conductivity such as a p-type 
Cu(In,Ga)Se2 layer, which is formed on the metal film by a selenidation 
method, a buffer layer such as ZnO film formed on the compound 
semiconductor, a window layer such as a ZnO-Al film, and an upper electrode 
(see, for example, JP10(1998)-135498A). In the selenidation method, the 

15 p-type Cu(In,Ga)Se2 layer may be formed by forming a CuGa/In/Se precursor 
(a stacked film composed of a CuGa film, an In film, and a Se film) and 
thereafter causing sohd phase diffusion of the CuGa/In/Se precursor by 
heating, or alternatively, the p-type Cu(In,Ga)Se2 layer may be formed by 
forming a CuGa/In precursor and thereafter subjecting the same to heat 

20 treatment in H2Se gas. 

[0005] Further, still another example of the conventional substrate -type 
solar cell has been known that includes, as a buffer layer, a Zn(0,H) film, a 
Zn(0,S,OH) film, or the hke formed by the solution method (see, for instance, 
Tokio Nakada et al., "Thin Sohd Film" 431-432 (2003) 242-248). 

25 

Disclosure of Invention 

Problem to be Solved by the Invention 

[0006] In the formation of a p-type Cu(In,Ga)Se2 layer by multisource vapor 
deposition, if the layer is grown slowly as conventionally, even the formation 
30 of the p-type Cu(In,Ga)Se2 layer with only a thickness of 2 [mm takes 
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approximately one hour, which resvdts in extremely low mass productivity. 
On the other hand, if the p type Cu(In,Ga)Se2 layer with a thickness of 2 iim 
is grown rapidly over about several minutes, a n value as a diode index 
exceeds 2, thereby causing the obtained solar cell to have an energy 
5 conversion efficiency below 10 %. This is because in the case where the 
p-type Cu(In,Ga)Se2 layer is formed rapidly, the crystaUinity of the p-type 
Cu(In,Ga)Se2 layer deteriorates. Further, this also is because the p-type 
Cu(In,Ga)Se2 layer has an uneven surface without flatness on its face. Still 
further, this is because if the n-type CdS layer is formed on the p-type 

10 Cu(In,Ga)Se2 layer having the uneven surface on its face, the n-type CdS 

layer provides only insufficient coverage, which leads to a decrease in a shunt 
resistance in an equivalent circuit. This decrease of the shunt resistance 
stems from a phenomenon in which since a high-concentration n-type ITO 
film is formed on the n-t5q)e CdS layer providing insufficient coverage, a part 

15 of the n-type ITO film is in direct contact with the p-type Cu(In,Ga)Se2 layer, 
not via the n-type CdS layer. This phenomenon causing the decrease of the 
shunt resistance occurs not only in the case of the p-type Cu(In,Ga)Se2 layer, 
but also in the cases of the other light-absorption layers formed rapidly by 
multisource vapor deposition. 

20 [0007] Further, also in the formation of a light-absorption layer such as the 
p-tjTpe Cu(In,Ga)Se2 layer by the selenidation method, if the CuGa/In/se 
precursor layer or the CuGa/In precursor layer is grown rapidly over about 
several minutes, the layer has an uneven surface on its face, which causes the 
Ught-absorption layer such as the p-type Cu(In,Ga)Se2 layer, which is formed 

25 finally, to have an uneven surface without flatness on its face. Therefore, 
also in the case where a n-type buffer layer or a n-type window layer is 
formed on the hght-absorption layer formed by the selenidation method, the 
coverage of the n-type buffer layer or the n-tjrpe window layer becomes 
insufficient, which decreases a shunt resistance in an equivalent circviit. 

30 The decrease in the shunt resistance stems fi:om a phenomenon in which. 
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because a n-type transparent conductive film is formed on the n-tj^e buffer 
layer or the n-t5^e window layer providing the insufficient coverage, a part of 
the n-t3rpe transparent conductive film is in direct contact, not via the 
Ught- absorption layer without both of the n-tjrpe buffer layer or the n-type 
5 window layer. 

[0008] lb cope with this problem, in a solar cell that has a compound 
semiconductor layer (Ught-absorption layer) that is formed rapidly thereby 
having an uneven surface and a n-type window layer that is formed on the 
compound semiconductor layer thereby having insufficient coverage, the 
10 present invention improves solar cell properties such as an energy conversion 
efficiency by increasing a shunt resistance in an equivalent circxiit of the solar 
cell, in other words, by decreasing a leak current of the solar cell. 

Means for Solving Problem 

15 [0009] In order to solve the above -de scribed problems, a solar cell of the 
present invention includes* a substrate; a conductive film formed on the 
substrate; a compound semiconductor layer formed on the conductive film, 
including a p-tjrpe semiconductor crystal containing an element of Group lb, 
an element of Group Illb, and an element of Group VIb; a n-type window 

20 layer formed on the compound semiconductor layer, having an aperture; and 
a n-type transparent conductive film formed on the n-type window layer and 
on a portion of the compound semiconductor layer at the aperture of the 
n-type window layer. The solar cell is characterized in that the compound 
semiconductor layer includes a high -resistance part in a portion of the 

25 compound semiconductor layer in the vicinity of a surface thereof on a side 
opposite to the conductive film, the high-resistance part containing a n-type 
impurity doped in the p-type semiconductor crystal, and that the 
high-resistance part is located under the aperture of the n-type window layer. 
Herein the Groups of elements are referred to according to the short-form 

30 periodic table recommended by the International Union of Pure and Applied 
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Chemistry (lUPAC). It should be noted that "Group lb", "Group Illb", and 
"Group VIb" refer to "Group 11", "Group 13", and "Group 16" according to the 
long-form periodic table recommended by lUPAC. The n-ts^pe impurity 
refers to an element that functions as a donor when being doped in the p-type 
5 semiconductor crystal. 

[OOlO] In order to solve the above-described problems, a solar cell producing 
method of the present invention includes the steps of- forming a conductive 
film on a substrate; growing a p-type semiconductor crystal on the conductive 
film, the p-tj^e semiconductor crystal containing an element of Group lb, an 

10 element of Group Illb, and an element of Group VIb; forming a n-type 

window layer on the p-type semiconductor crystal, the n-type window layer 
having an aperture; and forming a n-tjrpe transparent conductive film on the 
n-type window layer and on a portion of the p-type semiconductor crystal at 
the aperture of the n-type window layer, and the solar cell producing method 

15 is characterized by further including the step of doping an n-type impurity in 
the p-type semiconductor crystal, in the vicinity of a surface of the p-type 
semiconductor crystal under the aperture of the n-type window layer, the 
doping step being carried out between the step of forming the n-type window 
layer and the step of forming the n-type transparent conductive film. 

20 

Brief Description of Drawings 

[00 11] [FIG. l] FIG. 1 is a circuit diagram showing an equivalent circuit of a 
solar cell according to Embodiment 1. 

[FIG. 2] FIG. 2 is a schematic sectional view showing an example of a 
25 configuration of a solar cell according to Embodiment 1. 

[FIG. 3] FIGS. 3A to 3D are schematic cross-sectional views showing 
steps of an example of a first method for producing the solar cell according to 
Embodiment 1. 

[FIG. 4] FIGS. 4A to 4D are schematic cross-sectional views showing 
30 steps of an example of a second method for producing a solar cell according to 
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Embodiment 2. 

[FIG. 5] FIGS. 5A to 50 are schematic cross-sectional views showing 
steps of an example of a third method for producing a solar cell according to 
Embodiment 3. 

5 [FIG. 6] FIG. 6 is a schematic cross -sectional view showing an 

example of a configuration of a solar cell according to Embodiment 4. 

Description of the Invention 

[0012] As described above, the solar cell of the present invention includes a 
10 substrate, a conductive film, a compound semiconductor layer having a high 
resistance part, a n-type window layer, and a n-type transparent conductive 
film. It should be noted that a surface of the compound semiconductor layer 
on the n-type window layer side is an uneven surface. The n-type window 
layer has an aperture (hereinafter also referred to as a "pinhole"), and the 
15 high-resistance part is located in a part of a p-type semiconductor crystal in 
the vicinity of a surface thereof below the aperture of the n-type window 
layer. 

[0013] In the compound semiconductor layer, the high-resistance part is a 
part formed by doping with a n-tj^e impurity in a part of the p-type 

20 semiconductor crystal in the vicinity of the surface thereof. Here, "the 

vicinity of the surface" refers to a region with a depth of not more than 500 
nm from a svirface of the compound semiconductor layer. The resistance of 
the high-resistance part is higher than a resistance of a part other than the 
high-resistance part in the p-type semiconductor crystal, the part being not 

25 doped with the n-type impurity (hereinafter this part also is referred to as 
"low-resistance part"). This is because the n-type impurity doped in the 
p-type semiconductor crystal functions as a donor, which results in an 
increase in the donor concentration in the high-resistance part as compared 
with the low -resistance part and a decrease in a carrier concentration that is 

30 determined by an acceptor concentration and a donor concentration in the 
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P'tj^e semiconductor crystal. 

[0014] Here, the equivalent circuit of the solar cell is described with 
reference to FIG. 1. FIG. 1 is a circuit diagram showing an equivalent 
circuit of the solar cell of the present invention. It should be noted that an 
5 equivalent circuit of a conventional solar cell also is shown with the same 

configuration as that of the circxiit diagram shown in FIG. 1. The equivalent 
circuit of the solar cell of the present invention includes, as shown in FIG. 1, a 
constant-current source 4 (short circuit current Jsc), a diode 3 formed with a 
p-n junction connected in parallel with the constant-current source 4, a shunt 

10 resistor 1 (resistance Rsh) connected in parallel with the diode 3, and a series 
resistor 2 (resistance Rs) connected in series with the diode 3. To obtain a 
solar cell with excellent properties, it is preferable that the resistance Rsh of 
the shunt resistor 1 is large, while the resistance Rs of the series resistor 2 is 
small. A decrease in the resistance Rsh of the shunt resistor 1 is caused by 

15 leak current at the pn junction, leak current due to a crystal defect or 

deposition of an impiu:ity in the vicinity of the pn junction, or the like in the 
solar cell. An increase in the resistance Rs of the series resistor 2 is caused 
by increases in resistances, increases in Ohmic contact resistances, increases 
in wire resistances, etc. in the respective layers composing the solar cell. It 

20 should be noted that generally the shunt resistor 1 desirably has a resistance 
of not less than 2 kQ-cm^. 

[0015] With the solar cell of the present invention, an area in which the 
low-resistance part and the n-type transparent conductive film are in direct 
contact with each other can be reduced even if the coverage of the n-type 

25 window layer is insufficient, and therefore, it is possible to make the shunt 

resistor 1 have a high resistance. Accordingly, the properties of the solar cell 
such as the energy conversion efficiency can be improved. Further, by 
controlling the size of the high-resistance part and the concentration of the 
n-type impurity in the high -resistance part, it is possible to make the shunt 

30 resistor 1 have a resistance of not less than 2 kQ-cm^. 
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[0016] In the solar cell of the present invention, it is preferable that the 
resistance of the high-resistance part is higher than a resistance of the n-type 
window layer. In this case, a resistance in a portion in which the n-type 
transparent conductive film and the low-resistance part are in contact with 
5 each other with the high-resistance part being interposed therebetween can 
be set higher than a resistance in a portion in which the foregoing two are in 
contact with each other with the n-tj^je window layer being interposed 
therebetween, and therefore, the leak current at the portion where the n-type 
transparent conductive film and the compound semiconductor layer are in 

10 direct contact with each other can be decreased further. In other words, the 
shunt resistor 1 can be made to have a higher resistance. 
[0017] In the solar cell of the present invention, a configuration can be 
achieved in which the compound semiconductor layer has a recessed surface 
on its face on the side opposite to the conductive film, and the high-resistance 

15 part is formed in the vicinity of the recessed surface. Usually, an aperture in 
the n-type window layer of insufficient coverage is formed on a recessed 
portion of the compound semiconductor layer having an uneven surface. 
Therefore, the shunt resistor 1 can be made to have a high resistance more 
efficiently by forming the high-resistance part in the vicinity of the recessed 

20 portion. The high-resistance part may be formed in a portion of the vicinity 
of the recessed surface, or alternatively may be formed in a larger region 
incorporating the vicinity of the recessed surface. It should be noted that in 
the case where the uneven surface has many recesses and projections, this 
becomes a factor for forming many pinholes, as well as provides an effect of 

25 enhancing the energy conversion efficiency since this configuration causes 
sunlight incident thereon to be diffused. 

[0018] In the solar cell of the present invention, the n-tj^e transparent 
conductive film preferably is connected with a part of the compound 
semiconductor layer (low-resistance part) other than the high -resistance part 
30 only via at least either one of the n-type window layer and the high-resistance 
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part. This configuration causes the low-resistance part not to be in direct 
contact with the n type transparent conductive film, thereby allowing the 
shunt resistor 1 to have a high resistance in an extremely excellent state. 
[0019] The solar cell of the present invention fiirther may be configured so 
5 that the high-resistance part contains, as the n-type impurity, at least one 
element selected firom the group consisting of the elements of Group Ila and 
the elements of Group lib. Here, "Group Ila" and "Group lib" refer to 
"Group 2" and "Group 12" according to the long-form periodic table 
recommended by lUPAC. Examples of the configuration of the 

10 high-resistance part includes, specifically- a configuration in which one 
element of Group Ila is contained therein; a configuration in which a 
plurality of elements of Group Ila are contained; a configuration in which one 
element of Group lib is contained; a configuration in which a plurahty of 
elements of Group lib is contained; and a configuration in which at least one 

15 element of Group Ha and at least one element of Group lib are contained. 
With such a configuration, the element(s) of Group Ha and/or Group lib 
function as a donor doped in the p-type semiconductor crystal. Further, - 
since the element(s) of Group Ha and/or Group lib easily is captured in holes 
of the p-type semiconductor crystal that function as acceptors, the foregoing 

20 element(s) allows the acceptor concentration to decrease and cause the donor 
concentration to increase. Therefore, the foregoing configuration allows the 
donor concentration with respect to the acceptor concentration in the 
high-resistance part to increase efficiently. It should be noted that the 
high-resistance part is never caused to exhibit a low -resistance n-type 

25 conductivity by an increase in a doped amount of the element(s) of Group Ha 
and/or Group lib that tends to cause an extremely high-resistance n-type 
conductivity to be exhibited. In the solar cell of the present invention, to 
cause the element(s) to be captured in holes of the element of Group lb or the 
like so as to function as a donor excellently, the n-type impurity in the 

30 high-resistance part preferably is Zn, Mg, or Ca. 




[0020] As the p-type semiconductor crystal in the compound semiconductor 
layer, a chalcopyrite- structured compound semiconductor crystal containing 
Cu as the element of Group lb, at least one element selected from the group 
consisting of Ga and In as the element of Group Illb, and at least one element 
5 selected from the group consisting of S and Se as the element of Group VIb is 
preferred. With this configuration, a solar cell is achieved that exhibits a 
high energy-conversion efficiency and that substantially does not deteriorate 
over time due to irradiation with light. More specifically, in the solar cell of 
the present invention, for instance, the p-type semiconductor crystal of the 

10 compound semiconductor layer preferably is a chalcopyrite -structured 
CuInSe2 crystal, a chalcopyrite -structured Cu(Ga,In)Se2 crystal, or a 
chalcopyrite -structured CuIn(S,Se)2 crystal. It should be noted that in the 
low-resistance part and the high-resistance part, other elements may be 
contained as required, as long as they do not harm the effects of the present 

15 invention. 

[0021] In the solar cell of the present invention, the n-tjrpe window layer 
preferably is a ZnO film or a ZnMgO film. It should be noted that the n-type 
window layer in the solar cell of the present invention may have the same 
configuration as that of a n-t3T)e window layer of any known solar cell. 

20 [0022] The solar cell of the present invention may be configured so as to 
include further a n-type buffer layer formed between the compound 
semiconductor layer and the n-type window layer, the n-type buffer layer 
having an aperture that is connected with the aperture of the n-t5T)e window 
layer. With this configuration, even in the case where the compound 

25 semiconductor layer and the n-type transparent conductive film are brought 
into contact with each other via the connected aperture going through the 
n-type window layer and the n-type buffer layer, the area in which the 
low -resistance part and the n-t5rpe transparent conductive film are in direct 
contact with each other can be reduced. Accordingly, the shunt resistor 1 is 

30 allowed to have a high resistance. In the solar cell of the present invention. 
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the buffer layer preferably is a Zn(0,OH) film or a Zn(0,S,OH) film. It 
should be noted that the n*type buffer layer in the solar cell of the present 
invention may have the same configuration as that of a n-type buffer layer of 
any known solar cell. 
5 [0023] In the solar cell of the present invention, the n-type transparent 
conductive film preferably is an ITO film, a Sn02 film, an In203 film, a 
ZnO-Al film, or a ZnO^B film. It should be noted that the n-t5T)e transparent 
conductive film in the solar cell of the present invention may have the same 
configuration as that of a n-t5^e transparent conductive film of any known 
10 solar cell. 

[0024] The substrate preferably is a substrate that contains an element of 
Group la (alkali metal element). It should be noted that the "Group la" 
refers to "Group 1" according to the long-form periodic table recommended by 
lUPAC. In the case where an element of Group la is contained in the 

15 substrate, in the formation of the p'type semiconductor crystal of the 

compound semiconductor layer, the element of Group la of the substrate is 
diffused in the p-tj^e semiconductor crystal via a conductive film, whereby 
the crystallinity of the p-type semiconductor crystal is enhanced. Further, it 
is preferable that a difference between a coefficient of Unear expansion of the 

20 substrate and a coefficient of hnear expansion of the p-type semiconductor 
crystal is small. This is because in the case where the difference is small, 
crystal defects of the p-type semiconductor crystal are reduced. Accordingly, 
in the solar cell of the present invention, it is preferable that the substrate is 
a glass substrate containing at least one alkali metal element selected fi:om 

25 the group consisting of Na (sodium), K (potassium), and Li (lithixmi), and a 
difference between a coefficient of Hnear expansion of the substrate and a 
coefficient of Hnear expansion of the p-type semiconductor crystal is within a 
range of not less than lxlO"^/K (Kelvin) and not more than 3xlO"^/K. 
[0025] The conductive film preferably is a metal film such as a Mo 

30 (molybdenum) film, a Cr (chromium) film, a Au (gold) film, or a Pt (platinum) 
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film. It shoiild be noted that the conductive film in the solar cell of the 
present invention may have the same configuration as that of a conductive 
film in any known solar cell. 

[0026] The following describes the solar cell producing method of the present 
5 invention. The solar cell producing method of the present invention includes, 
as described above, the steps of- forming a conductive film; growing a p-type 
semiconductor crystsd; forming a n-type window layer having an apertiu*e; 
doping a n-type impurity in the p type semiconductor crystal, in the vicinity 
of a surface of the p-type semiconductor crystal under the aperture of the 

10 n-type window layer; and forming a n-type transparent conductive film. By 
carrying out the step of doping the n-type impurity in the p-type 
semiconductor crystal after the n-t3^e window layer having an aperture is 
formed, the high-resistance part can be formed selectively in the vicinity of 
the surface of the p-type semiconductor crystal under the aperture of the 

15 n-type window layer. It should be noted that the part of the p-type 

semiconductor crystal in which the n-type impurity is not doped becomes the 
low-resistance part. 

[0027] In the growth of the p-type semiconductor crystal, in the case where 
the p-type semiconductor crystal is a chalcopyrite- structured Cu(Ga,In)Se2 

20 crystal, the crystal preferably is grown at a film formation rate in a range of 
not less than 0.2 ^m/min. and not more than 2 ^m/min. This is because if 
the film formation rate is less than 0.2 [xm/min., the p-type semiconductor 
crystal has smaller recesses and projections on its face, resvdting in excellent 
coverage of the n-tjrpe window layer, whereas the time for growing the p-type 

25 semiconductor crystal increases, resulting in deterioration of 

manufacturability. However, even in the case where the film formation rate 
is less than 0.2 (xm/min., the yield can be improved since the coverage defects 
accidentally occurring in the n-type window layer can be compensated. On 
the other hand, it is because if the film formation rate exceeds 2 jim/min., the 

30 crystaUinity of the p-type semiconductor crystal deteriorates, which makes it 
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difficult to use the p-type semiconductor crystal as a light-absorption layer of 
a solar cell. The foregoing crystal more preferably is grown at a film 
formation rate in a range of not less than 0.5 (un/min. and not more than 1.5 
imi/min. In the case where the p'type semiconductor crystal is formed at the 
5 film formation rate in the foregoing range, the manufacturabihty can be 
improved significantly without a substantial decrease in the energy 
conversion efficiency, as compared with the case where the p-type 
semiconductor crystal is grown at a film formation rate of less than 0.2 
(im/min. as conventionally. 

10 [0028] In the solar cell producing method of the present invention, in the 
step of doping the n-type impurity in the p-type semiconductor crystal, the 
following method can be apphed- an impurity film is formed by depositing the 
n-type impurity by a vapor deposition method or an evaporation method on 
the n-type window layer and the portion of the p-type semiconductor crystal 

15 that is exposed at the aperture of the n-type window layer, and the n-type 

impurity in the impurity film is diffused by a heat treatment into the portion 
of the p-type semiconductor crystal (this method hereinafter also is referred 
to as "first method"). With the first method, it is possible to form a 
high-resistance part in the inside of the p-tjrpe semiconductor crystal surely 

20 Further, by controlling the film thickness of the impurity film, and the 

treating temperature and time in the heat treatment, a high-resistance part 
that has a desired size and contains the n-tj^e impurity at a desired 
concentration can be formed easily. 

[0029] In the first method, in the deposition of the n-type impurity, the 
25 n-type impurity may be deposited while varying a direction of deposition of 
the impurity with respect to the substrate. For instance, the substrate is 
rotated while being inclined at a desired angle with respect to the direction of 
deposition of the n-type impxirity, or the substrate is moved so that a normal 
of a surface of the substrate defines a conical surface having the direction of 
30 deposition of the n-t5rpe impurity as its central axis, or further alternatively, 
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the substrate is moved, along with a movement such as those described above, 
so that an angle formed between the normal direction of the surface of the 
substrate and the direction of deposition of the n-type impurity is varied. By 
applying this method, even if the exposed svirface of the compound 
5 semiconductor layer that is exposed at the aperture of the n-t3rpe window 
layer is in a sinus-like complex recessed surface, the n-tj^je impurity can be 
deposited in a large area of the exposed surface excellently. 
[0030] In the solar cell producing method of the present invention, in the 
step of doping the n-type impurity in the p-t5^e semiconductor crystal, the 

10 following method can be appHed- an impurity film is formed by depositing the 
n-type impurity by plating on the portion of the p-type semiconductor crystal 
that is exposed at the aperture of the n-tj^e window layer, and the n-t5^e 
impurity in the impurity film is diffused by a heat treatment into the portion 
of the p-tj^e semiconductor crystal (this method hereinafter also is referred 

15 to as "second method"). With the second method, it is possible to form a 

high-resistance part in the inside of the p-type semiconductor crystal surely. 
Further, since it is possible to form the impurity film selectively on the 
exposed portion of the p-type semiconductor crystal that is exposed at the 
aperture of the n-type window layer, it is possible to form the high-resistance 

20 part at an effective location efficiently. Still further, even if the exposed 

surface of the p-type semiconductor crystal that is exposed at the aperture of 
the n-t5i)e window layer is in a sinus-like complex recessed surface, the 
impurity can be deposited in the sinus-like complex recessed surface. Still 
further, by controUing the film thickness of the impurity film, and the 

25 treating temperature and time in the heat treatment, a high-resistance part 
that has a desired size and contains the n-type impurity at a desired 
concentration can be formed easily. 

[0031] The first and second methods of the present invention preferably 
further include the step of removing the impurity film, between the step of 
30 doping the n-type impurity in the p-type semiconductor crystal and the step 
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of forming the n type transparent conductive film. If the impurity film 
remains, a resistance of a series resistor 2 (Rs) in an equivalent circuit of the 
solar cell shown in FIG. 1 increases, thereby deteriorating the properties of 
the solar cell such as an energy conversion efficiency, curve factors, etc. 
5 [0032] In the solar cell producing method of the present invention, the 

following method can be appUed- in the step of doping the n-type impurity in 
the p-t3Tpe semiconductor crystal, the n-tjqje impurity is implanted by ion 
implantation into the portion of the p"type semiconductor crystal via the 
aperture of the n-type window layer (this method hereinafter also is referred 

10 to as "third method"). With the third method, it is possible to form 

high-resistance part in the inside of the p-type semiconductor crystal surely. 
Further, by adjusting a dose amount, it is possible to form the high-resistance 
part containing the n-type impurity at a desired concentration easily. 
[0033] In the third method, in the ion implantation, the n-type impurity may 

15 be implanted while varying a direction in which the n-type impurity ions are 
implanted with respect to the substrate. For instance, the substrate is 
rotated while being inclined at a desired angle with respect to the direction of 
the implantation of the n-type impurity ions, or the substrate is moved so 
that a normal of a surface of the substrate defines a conical surface having 

20 the direction of implantation of the n-type impurity ions as its central axis, or 
further alternatively, the substrate is moved, along with a movement such as 
those described above, so that an angle formed between the normal direction 
of the surface of the substrate and the direction of implantation of the n-t3T)e 
impurity ions is varied. By appl5dng such a method, even if the exposed 

25 surface of the p'type semiconductor crystal that is exposed at the aperture of 
the n-type window layer is in a sinus-like complex recessed svirface, the 
n type impurity can be implanted in a large area of the exposed surface 
excellently. 

[0034] In the third method, in the step of doping the n-type impurity in the 
30 p'type semiconductor crystal, it is preferable that a heat treatment is carried 
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out additionally, after the n-type impurity is implanted. This is because by 
carrying out the heat treatment, damage occurring upon the implantation of 
the n-type impurity ions can be alleviated, and the n-type impurity ions thus 
implanted can be diffused in the p-tjT)e semiconductor crystal. Further, by 
5 controlling the treating temperature and time in the heat treatment, a 

high-resistance part that has a desired size and contains the n-type impurity 
at a desired concentration can be formed easily. 

[0035] The first, second, and third method of the present invention further 

may include the step of forming a n-tjrpe buffer layer having an aperture, 
10 between the step of growing the p-type semiconductor crystal and the step of 

forming the n-type window layer. With such a method, the solar cell that 

includes the n*type buffer layer formed between the p-type semiconductor 

crystal and the n-tsrpe window layer can be produced. 

[0036] To form the conductive film, the n-type window layer, the n-type 
15 buffer layer, and the n-type transparent conductive film, any known 

techniques may be used. 

Embodiment 1 

[0037] An embodiment of a solar cell of the present invention produced by 
20 the above-mentioned first method is described as Embodiment 1, with 

reference to FIGS. 2 and 3Ato 3D. FIG. 2 is a schematic cross-sectional 
view illustrating a configuration of a solar cell according to Embodiment 1. 
FIGS. 3A to 3D are schematic cross -sectional views showing respective steps 
of the first method for producing the solar cell according to Embodiment 1. 
25 It should be noted that FIG. 3A shows a step of stacking a conductive film, a 
p-type semiconductor crystal, and a n-t3^e window layer on a substrate, FIG. 
3B shows a step of forming an impurity film by vapor deposition, FIG. 30 
shows a step of diffusing a n type impurity, and FIG. 3D shows a step of 
removing the impurity film. 
30 [0038] The solar cell shown in FIG. 2 includes a substrate 21, a conductive 
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film 22 formed on the substrate 21, a compound semiconductor layer 23 
formed on the conductive film 22, a n-type window layer 24 with a n-type 
conductivity that has pinholes 29 (apertures) formed on the compound 
semiconductor layer, and a n-type transparent conductive film 25 formed on 
5 the n-type window layer 24 and exposed portions of the compound 

semiconductor layer 23 that are exposed in the pinholes 29 in the n-type 
window layer 24. The compound semiconductor layer 23 includes a 
low-resistance part 23A having the p-type conductivity formed on the 
conductive film 22, and high-resistance parts 23B that are formed on the 

10 low-resistance part 23A and under the pinholes 29 in the n-type window layer 
24 and are doped with a n-type impurity. The n-type transparent conductive 
film 25 preferably is connected with the low-resistance part 23A only via 
either the high-resistance parts 23B or the n-tj^pe window layer 24. 
[0039] In the solar cell shown in FIG. 2, the substrate 21 preferably is a 

15 substrate containing an element of Group la (alkali metal) such as Na. The 
conductive film 22 preferably is a metal film such as a Mo film. The p-type 
semiconductor crystal of the compound semiconductor layer 23 preferably is a 
chalcopyrite -structured Ib"IIIb-VIb crystal having the p-type conductivity, 
such as CuInSe2 crystal, Cu(Ga,In)Se2 crystal, CuIn(S,Se)2 crystal, or the like. 

20 The impurity doped in the high-resistance parts 23B preferably is Zn. The 
n-t3^e window layer 24 preferably is a n-type ZnMgO film. The n-type 
transparent conductive film 25 preferably is any one of an ITO film, a Sn02 
film, an In203 film, a ZnO-Al film, or a ZnO-B film. Further, a difference 
between a coefficient of Hnear expansion of the substrate 21 and a coefficient 

25 of hnear expansion of the p-type semiconductor crystal preferably is within a 
range of not less than lxlO"^/K and not more than 3xlO"^/K. 
[0040] The solar cell according to Embodiment 1 having the structure shown 
in FIG. 2 is produced in the following manner. First, as shown in FIG. 3A, 
the conductive film 22 is formed on the substrate 21 by sputtering. It should 

30 be noted that the conductive film 22 preferably has a sheet resistance of not 
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more than 0.5 Q/n. For instance, by sputtering, a Mo film with a £Qm 
thickness of approximately 0.4 jmi is formed. 

[0041] Next, as shown in FIG, 3A, the p-t3^e semiconductor crystal 33 is 
formed on the conductive film 22 by multisource vapor deposition or 
5 selenidation. For instance, in the case where the p*type semiconductor 
crystal 33 is chalcopyrite-structured Cu(Ga,In)Se2 crystal, the multisource 
vapor deposition employing Cu, Ga, In, and Se as deposition sources can be 
used. Here, the film preferably is grown at a film formation rate in a range 
of not less than 0.5 (mi/min. and not more than 1.5 |im/min. On the other 

10 hand, in the case where selenidation is used, a CuGa/In/Se precursor is 

formed by sputtering, and subsequently the CuGa/In/Se precursor is heated 
to approximately 450°C to 550^C, so that a Cu(Ga,In)Se2 film is formed by 
solid phase diffusion. Alternatively, a CuGa/In precursor is formed by 
sputtering, and subsequently the CuGa/In precursor is subjected to a heat 

15 treatment in a H2Se gas, so that a Cu(Ga,In)Se2 film is formed. The p-type 
semiconductor crystal 33 formed by multiso\u:ce vapor deposition or 
selenidation consequently has an uneven siirface on its upper face. 
[0042] Next, as shown in FIG. 3A, the n-tj^je window layer 24 is formed on 
the uneven surface of the p-type semiconductor crystal 33 by sputtering or a 

20 solution method. For instance, a ZnMgO film with a film thickness of 
approximately 100 nm is formed as the n-type window layer 24 by a 
sputtering method employing ZnO and MgO as targets. Since the p-type 
semiconductor crystal 33 has an uneven surface on its upper face, pinholes 29 
(apertures) are formed in the n-type window layer 24. 

25 [0043] Next, as shown in FIG. 3B, Zn as a n-type impurity is deposited fi-om 
above the n-type window layer 24 by vapor deposition or CVD (chemical 
vapor deposition), so that an impurity film 36 is formed on the n-type window 
layer 24 and inside the pinholes 29 in the n-type window layer 24. For 
instance, a Zn film with a film thickness of approximately 20 nm is formed as 

30 the impurity film 36. 
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[0044] Next, the obtained stack composed of the substrate 21, the conductive 
film 22, the p-type semiconductor crystal 33, the n-type window layer 24, and 
the impurity film 36 is annealed (heat treatment). For instance, it is heated 
at 170°C in a nitrogen atmosphere for 20 minutes. By so doing, the n-type 
5 impurity is difiused to the inside of the p-type semiconductor crystal 33 fi'om 
portions of the impurity film 36 in direct contact with the p-type 
semiconductor crystal 33 (the impurity film portions inside the pinholes 29), 
and as shown in FIG. 3C, the compound semiconductor layer 23 that includes 
the high-resistance parts 23B containing the n-type impurity diffused firom 
10 the impurity film 36 and the low-resistance part 23A not containing the 
n-type impurity is formed. 

[0045] Next, as shown in FIG. 3D, the impurity film 36 remaining on the 
compoimd semiconductor layer 23 and the n-t5rpe window layer 24 is removed 
by etching. For the removal of the impurity film 36, the dry etching 

15 technique may be used, but to simply and surely remove substantially only 
the impurity film 36, the wet etching preferably is used in which the stack is 
brought into contact with an etching solution such as hydrochloric acid. For 
instance, the stack is immersed in hydrochloric acid for several seconds. 
After the impurity film 36 (see FIG. 3C) is removed, the stack composed of 

20 the substrate 21, the conductive film 22, the compound semiconductor layer 
23 including the low -resistance part 23A and the high- resistance parts 23B, 
and the n-type window layer 24 is washed with a washing liquid such as pure 
water. 

[0046] Next, as shown in FIG. 2, the n-type transparent conductive film 25 is 
25 formed by sputtering on the exposed surfaces of the compound semiconductor 
layer 23 exposed in the pinholes 29 of the n-type window layer 24, as well as 
on the n-t5^e window layer 24. Through the foregoing steps, the solar cell 
according to Embodiment 1 having the configuration shown in FIG. 2 is 
produced. 

30 [0047] The solar cell according to Embodiment 1 produced through the steps 
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shown in FIGS. 3Ato 3D is characterized in that the resistance of the shunt 
resistor 1 (see FIG. l) of the equivalent circuit of the solar cell can be 
increased surely, as compared with a solar cell of a comparative example 
produced without going through the steps shown in FIGS. SB to 3D that 
5 accordingly does not contain the n-type impurity in the high-resistance parts 
23B. Further, the resistance of the shunt resistor 1 of the equivalent circuit 
of the solar cell according to Embodiment 1 can be set to not less than 5 times 
the resistance of the counterpart of the solar cell of a comparative example 
corresponding to Embodiment 1, or can be set to not less than 2 kQ-cm^, 
10 which is a preferable value for a solar cell. Still further, the solar cell 
according to Embodiment 1 can be configured so as to have an energy 
conversion efficiency of not less than 17 %, and to have a n value as the diode 
index of not more than 1.5. 

[0048] The above description refers to a configuration that does not include a 
15 buffer layer, but a buffer layer may be formed between the compound 
semiconductor layer and the n-type window layer as required. 

Embodiment 2 

[0049] An embodiment of a solar cell produced by the above-mentioned 
20 second method is described as Embodiment 2, with reference to FIGS. 4A to 
4D. FIGS. 4A to 4D are schematic cross-sectional views showing respective 
steps of the second method for producing the solar cell according to 
Embodiment 2. It should be noted that FIG. 4A shows a step of forming an 
impurity film by plating, FIG. 4B shows a state after the completion of the 
25 step of forming the impurity film, FIG. 40 shows a step of diffusing a n-type 
impurity, and FIG, 4D shows a step of removing the impvirity film. 
[0050] The solar cell according to Embodiment 2 is produced by the same 
method as the method for producing the solar cell according to Embodiment 1 
except for the manner of how the high-resistance parts are formed. Further, 
30 the structure of the solar cell according to Embodiment 2 is substantially the 
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same as the solar cell according to Embodiment 1 shown in FIG. 2. 
Therefore, only the second method for producing the solar cell according to 
Embodiment 2 is described here. It should be noted that FIG. 2 is referred 
to as required. 

5 [0051] The solar cell according to Embodiment 2 is produced in the following 
manner. First, as shown in FIG. 4A, the conductive film 22, the p-type 
semiconductor crystal 33, and the n-type window layer 24 having the 
pinholes 29 are stacked on the substrate 21 in the stated order by the same 
method as that for Embodiment 1 described above, whereby a stack is 
10 formed. 

[0052] Next, as shown in FIG. 4A, after the stack is immersed in an 
electroplating solution 42 contained in a solution vessel, a voltage is appUed 
by using an electrode 41 formed with Zn metal and provided in the 
electroplating solution 42 as an anode and the conductive film 22 in the stack 

15 as a cathode. The application of a voltage causes an ionized n-type impurity 
(n-type impurity ions) to be dissolved into the electroplating solution 42 from 
the electrode 41, and the dissolved n-t5^e impurity ions are deposited 
selectively on the exposed surfaces of the p-type semiconductor crystal 33 
exposed in the pinholes 29 of the n-type window layer 24. 

20 [0053] Here, the selective deposition of the n-type impurity ions is described. 
If the n-type window layer 24 has a high resistance, the n-t5rpe window layer 
24 and the compound semiconductor layer 23 forms a pn junction to which a 
voltage is apphed in a reverse bias state, which causes substantially no 
electric current to run via the n-type window layer 24 having the n-type 

25 conductivity. Consequently, none of, or at most, a trace of the n-type 

impurity ions are deposited on the n-type window layer 24. On the other 
hand, since electric current runs via the exposed surfaces of the p type 
semiconductor crystal 33 exposed in the pinholes 29 of the n-type window 
layer 24, the n-type impurity ions are deposited on the foregoing surfaces. 

30 Thus, it is possible to cause the n-type impurity ions to be deposited 
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selectively on the exposed surfaces of the p-tjrpe semiconductor crystal 33 
exposed in the pinholes 29 of the n-type window layer 24. With this, as 
shown in FIG. 4B, impurity films 46 are formed selectively on the exposed 
portions of the p-type semiconductor crystal 33 exposed in the pinholes 29 of 
5 the n"type window layer 24. For instance, Zn films with a film thickness of 
approximately 20 nm are formed as the impurity films 46. 
[0054] Next, the stack in which the impurity film 46 is formed is annealed 
(heat treatment) so that the n-type impurity composing the impurity film 46 
is diffused to the inside of the p-type semiconductor crystal 33. For instance, 

10 it is heated at 170°C in a nitrogen atmosphere for 20 minutes. By so doing, 
the n-type impurity is diffused to the inside of the p-tjrpe semiconductor 
crystal 33 from the impurity films 46 in direct contact with the p"type 
semiconductor crystal 33 (the impurity films inside the pinholes 29), and as 
shown in FIG. 4C, the compound semiconductor layer 23 that includes the 

15 high-resistance parts 23B containing the n-type impurity diffused from the 
impurity films 46 and the low-resistance part 23A not containing the n-t5^e 
impxirity diffused from the impurity films 46 is formed. 

[0055] Next, as shown in FIG. 4D, it is preferable that the impurity films 46 
remaining on the compound semiconductor layer 23 are removed by the same 

20 method as thaib in Embodiment 1 described above. After the removal of the 
impurity films 46 (see FIG. 4C), the stack composed of the substrate 21, the 
conductive film 22, the compound semiconductor layer 23 including the 
low-resistance part 23A and the high-resistance parts 23B, and the n-t5^e 
window layer 24 is washed. 

25 [0056] Next, as shown in FIG. 2, the n-type transparent conductive film 25 is 
formed by sputtering or CVD on the exposed surfaces of the compound 
semiconductor layer 23 exposed in the pinholes 29 of the n-type window layer 
24, as well as on the n-type window layer 24. Through the foregoing steps, 
the solar cell according to Embodiment 2 is produced. 

30 [0057] The solar cell according to Embodiment 2 produced through the steps 
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shown in FIGS. 4A to 4D is characterized in that the resistance of the shunt 
resistor 1 (see FIG. l) of the equivalent circuit of the solar cell can be 
increased surely, as compared with a solar cell of a comparative example 
produced without going through the steps shown in FIGS. 4B to 4D that 
5 accordingly does not contain the n-type impurity in high-resistance parts 23B. 
Further, the resistance of the shunt resistor 1 of the equivalent circuit of the 
solar cell according to Embodiment 2 can be set to not less than 5 times the 
resistance of the counterpart of the solar cell of a comparative example 
corresponding to Embodiment 2, or can be set to not less than 2 kQ-cm^, 
10 which is a preferable value for a solar cell. Still further, the solar cell 
according to Embodiment 2 can be configured so as to have an energy 
conversion efficiency of not less than 17 %, and to have a n value as the diode 
index of not more than 1.5. 

15 Embodiment 3 

[0058] An embodiment of a solar cell of the present invention produced by 
the above-mentioned third method is described as Embodiment 3, with 
reference to FIGS. 5Ato 5C. FIGS. 5Ato 50 are schematic cross- sectional 
views showing respective steps of the third method for producing the solar 

20 cells of the present invention. It should be noted that FIG. 5A shows a step 
of stacking a conductive film, a p-type semiconductor crystal, and a n-type 
window layer on a substrate, FIG. 5B shows a step of implanting a n-type 
impurity by ion implantation, and FIG. 5C shows a step of forming 
high-resistance parts by diffusing the n-type impurity thus implanted. 

25 [0059] The solar cell according to Embodiment 3 is produced by the same 
method as the methods for producing the solar cells according to 
Embodiments 1 and 2 except for the manner of how high-resistance parts are 
formed. Further, the configuration of the solar cell according to Embodiment 
3 is substantially the same as the above-described solar cell according to 

30 Embodiment 1 shown in FIG. 2. Therefore, only the third method for 
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producing the solar cell according to Embodiment 3 is described here. It 
should be noted that FIG. 2 is referred to as required. 

[0060] The solar cell according to Embodiment 3 is produced in the following 
manner. First, as shown in FIG. 5A, the conductive film 22, the p'type 
5 semiconductor crystal 33, and the n-type window layer 24 having the 

pinholes 29 are stacked on the substrate 21 in the stated order by the same 
method as that for Embodiment 1 described above, whereby a stack is 
formed. 

[0061] Next, as shown in FIG. 5B, an ionized n-type impurity (n-type 

10 impurity ions) is implanted in the p^type semiconductor crystal 33 of the 

stack, from the side of the stack where the p-type semiconductor crystal 33 is 
formed. By so doing, the n-type impurity ions are implanted in the p-tj^e 
semiconductor crystal 33 via the pinholes 29 of the n-tjrpe window layer 24, 
whereby ion-implanted parts 56B are formed inside the p-type semiconductor 

15 crystal 33 under the pinholes 29 of the n-tjrpe window layer 24. As the 

n-tj^e impurity, Zn, Mg, or Ca is preferred. It shoxild be noted that the part 
of the p-type semiconductor crystal 33 in which the impurity ions are not 
implanted is a non-ion-implanted part 56A. For instance, in the case where 
the n-type impurity ions are Zn ions, the Zn ions accelerated with an energy 

20 of approximately 50 keV are implanted until the dose amount becomes not 
less than SxlO^^/cm^ and not more than SxlO^^/cm^, whereby the 
ion-implanted parts 56B are formed. In this case, the Zn ions intrude to a 
depth of approximately 0.01 iim to 0.05 [mi- It should be noted that the 
acceleration energy and the dose amount are to be adjusted appropriately 

25 according to the type of an element used as an impurity ion, the type of the 
P"type semiconductor crystal 33 subjected to the ion implantation, etc. 
[0062] Next, after the ion-implanted parts 56B are formed, the stack 
including the substrate 21, the conductive film 22, the p-type semiconductor 
crystal 33 having the non-ion-implanted part 56A and the ion -planted parts 

30 56B, and the n-type window layer 24 is annealed (heat treatment), so that the 




n-type impurity in the ion-implanted parts 56B are diffused in the 
non-ion-implanted part 56A. By so doing, the compound semiconductor 
layer 23 that includes the high-resistance parts 23B containing the n-type 
impurity and the low -resistance part 23A not containing the n-tj^e impurity 
5 diffused from the ion-implanted parts 56B is formed, as shown in FIG. 5C. 
Besides, this anneahng allows the compound semiconductor layer 23 (p-t5T)e 
semiconductor crystal 33) to be restored from damage that occvirs upon the 
ion implantation. 

[0063] Next, as shown in FIG. 2, the n-type transparent conductive film 25 
10 having the n-ts^pe conductivity is formed by sputtering on the exposed 

surfaces of the compound semiconductor layer 23 exposed in the pinholes 29 
of the n-t3T)e window layer 24, as well as on the n-type window layer 24. 
Through the foregoing steps, the solar cell according to Embodiment 3 is 
produced. 

15 [0064] The solar cell according to Embodiment 3 produced through the steps 
shown in FIGS. 5Ato 5C is characterized in that the resistance of the shunt 
resistor 1 (see FIG. l) of the equivalent circuit of the solar cell can be 
increased surely, as compared with a solar cell of a comparative example 
produced without going through the steps shown in FIGS. 5B and 50 that 

20 accordingly does not contain the n-tj^e impurity in the high-resistance parts 
23B. Further, the resistance of the shunt resistor of the equivalent circuit of 
the solar cell according to Embodiment 3 can be set to not less than 5 times 
the resistance of the counterpart of a solar cell of a comparative example 
corresponding to Embodiment 3, or can be set to not less than 2 kQ cm^, 

25 which is a preferable value for a solar cell. Still further, the solar cell 
according to Embodiment 3 can be configured so as to have an energy 
conversion efficiency of not less than 17 %, and a n value as the diode index of 
not more than 1.5. 
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Embodiment 4 

[0065] An embodiment of a solar cell having a n-t5rpe buffer layer is 
described as Embodiment 4, with reference to FIG. 6. It should be noted 
that the solar cell according to Embodiment 4 has the same configuration as 
5 that of the solar cells according to Embodiments 1 to 3 described above except 
that the n-type window layer is a ZnO film and the solar cell includes a 
n-type buffer layer. Therefore, the same members are designated with the 
same referential numerals and the detailed descriptions of the same are 
omitted. 

10 [0066] The solar cell shown in FIG. 6 includes a substrate 21, a conductive 
film 22, a compound semiconductor layer 23, a n-type window layer 24 that 
has the n-type conductivity and includes pinholes 29 (apertures), a n-type 
transparent conductive film 25, and a n-type buffer layer 26 that is formed 
between the compound semiconductor layer 23 and the n-type window layer 

15 24 and that includes pinholes 39 connected with the pinholes 29 of the n-type 
window layer 24. It is preferable that the n-type window layer 24 is a ZnO 
film, and the n-type buffer layer 26 is a Zn(0,OH) film or a Zn(0,S,OH) film. 
[0067] The solar cell according to Embodiment 4 is produced in the following 
manner. In the method for producing the solar cell according to 

20 Embodiment 4, the n-type buffer layer 26 is formed by a solution method 

after the p-type semiconductor crystal is grown and before the n-type window 
layer 24 is formed in the above -described first to third producing methods. 
For instance, the n-type buffer layer 26 with a film thickness of 
approximately 100 nm is formed. In the case where the n-tj^e buffer layer 

25 26 is a Zn(0,OH) film, after the p-type semiconductor crystal is grown, a 
stack including the substrate 21, the conductive film 22, and the p-type 
semiconductor crystal is brought into contact with ammonia water whose pH 
is adjusted to approximately 7 to 12, whose Uquid temperature is kept at 
50*^0 to SO^'C, and in which a zinc salt is dissolved, whereby a Zn(0,OH) film 

30 can be formed. Further, in the case where the n-type buffer layer 26 is a 
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Zn(0,S,OH) film, a stack including the substrate 21, the conductive film 22, 
and the p-type semiconductor crystal is brought into contact with ammonia 
water whose pH is adjusted to approximately 7 to 12, whose hquid 
temperature is kept at 50^*0 to 80*^0, and in which a zinc salt and a 
5 sulfur-containing salt are dissolved, whereby a Zn(0,S, OH) film can be 

formed. Since the p-tj^e semiconductor crystal has an uneven surface on its 
top face, the pinholes 39 (apertures) are formed in the n-type buffer layer 26. 
[0068] After the n-type buffer layer 26 is formed, a ZnO film as the n-type 
window layer 24 is formed on the uneven surface of the n-t5T)e buffer layer 26 

10 by sputtering or a solution method. For instance, a ZnO film with a film 
thickness of approximately 100 nm is formed by a sputtering method 
employing ZnO as a target. Since the p-type semiconductor crystal and the 
n-type biiffer layer 26 have uneven surfaces on their top faces, the pinholes 
29 (apertures) are formed in the n-type window layer. The remaining steps 

15 are performed in the same manner as those of the first to third methods 
described above, whereby the solar cell according to Embodiment 4 is 
produced. 

[0069] The solar cell according to Embodiment 4 is characterized in that the 
resistance of the shunt resistor 1 (see FIG. l) of the equivalent circuit of the 

20 solar cell can be increased surely, as compared with a solar cell of a 

comparative example having the same configuration except that the solar cell 
does not contain the n-type impurity in the high-resistance parts 23B. 
Further, the resistance of the shunt resistor of the equivalent circuit of the 
solar cell according to Embodiment 4 can be set to not less than 5 times the 

25 resistance of the counterpart of the solar cell of a comparative example 
corresponding to Embodiment 4, or can be set to not less than 2 kQ-cm^, 
which is a preferable value for a solar cell. Still fxirther, the solar cell 
according to Embodiment 4 can be configured so as to have an energy 
conversion efficiency of not less than 17 %, and to have a n value as the diode 

30 index of not more than 1.5. 
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Example 1 

[0070] An example of the above-described solar cell according to 
Embodiment 1 is described below as Example 1. Here, FIGS. 2 and 3A to 3D 
5 are referred to. The solar cell of Example 1 shown in FIG. 2 was configured 
so that the substrate 21 was a soda hme glass substrate, the conductive film 
22 was a Mo film, the p-tj^je semiconductor crystal of the compound 
semiconductor layer 23B was a chalcopyrite* structured p't5T)e Cu(Ga,In)Se2 
crystal, the n-type impurity doped in the high-resistance parts 23B was Zn, 

10 the n-type window layer 24 was a n-t5^e ZnMgO film, and the n-tj^e 
transparent conductive film 25 was an ITO film. The resistance of the 
high-resistance parts 23 was set to be higher than the resistance of the n-type 
ZnMgO film. Further, the ITO film was formed so as to be connected with 
the low- resistance part 23A via substantially only at least one of the n-type 

15 ZnMgO film and the high-resistance parts 23B. 

[007 1] The solar cell of Example 1 was produced in the following manner. 
First, as shown in FIG. 3A, the Mo film with a film thickness of 
approximately 400 nm as the conductive film 22 was formed on the soda lime 
glass substrate as the substrate 21 by sputtering or the Uke. The Mo film 

20 had a sheet resistance of approximately 0.5 Q/a. Next, as shown in FIG. 3A, 
the chalcopyrite -structured p-type Cu(Ga,In)Se2 crystal as the p-type 
semiconductor crystal 33 was grown on the Mo film by vapor deposition, at a 
film formation rate of approximately 1 jxm/min. until the film had a thickness 
of approximately 2 |xm in average. The p-type Cu(Ga,In)Se2 crystal had an 

25 uneven surface. Next, as shown in FIG. 3 A, the n-type ZnMgO film as the 
n-type window layer 24 was formed on the p-type Cu(Ga,In)Se2 crystal so as 
to have a film thickness of approximately 100 nm by a sputtering method 
employing ZnO and MgO as targets. Since the p-type Cu(Ga,In)Se2 crystal 
had an uneven surface, the pinholes 29 (apertures) were formed in the n type 

30 ZnMgO film. The pinholes 29 were formed substantially in the vicinities of 
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recessed portions of the uneven surface of the p-type Cu(Ga,In)Se2 crystal. 
[0072] Next, as shown in FIG. 3B, Zn was deposited by vapor deposition on 
the n-type ZnMgO film and the exposed portions of the p-type Cu(Ga,In)Se2 
crystal exposed in the pinholes 29 in the n-type ZnMgO fQm, so that a Zn film 
5 with a film thickness of approximately 20 nm was formed as the impurity 
film 36. Next, as shown in FIG. 30, the stack composed of the soda lime 
glass substrate, the Mo film, the p-type Ou(Ga, In)Se2 crystal, and the Zn film 
was annealed at 170K for 20 minutes. This caused Zn to be diffused in the 
inside of the p type Ou(Ga,In)Se2) crystal firom portions of the Zn film in 

10 direct contact with the p-type Ou(Ga,In)Se2 crystal (portions of the Zn film in 
the pinholes 29), whereby the compound semiconductor layer 23 including the 
high-resistance parts 23B containing Zn and the low-resistance part 23A not 
containing Zn diffused from the Zn film was formed. Next, the stack in 
which the high-resistance parts 23B were formed was immersed in a 

15 hydrochloric acid solution prepared as an etching solution for three minutes, 
so that the Zn film remaining on the p-type Ou(Ga,In)Se2 crystal and the 
n-type ZnMgO film was removed. Then, the stack from which the Zn film 
was removed was raised firom the hydrochloric acid solution, and 
subsequently, surfaces thereof were washed with pure water. 

20 [0073] Next, as shown in FIG. 2, an ITO film as the n-type transparent 

conductive film 25 was formed by sputtering on the n-type ZnMgO film and 
the high-resistance parts 23B. With this, the production of the solar cell of 
Example 1 was completed. 

[0074] The solar cell of Example 1 had a shunt resistance of approximately 3 
25 kQ-cm^, which was approximately 6 times the resistance of a solar cell 

according to Comparative Example 1 produced by the same method as that 
for the solar cell of Example 1 except that the step of forming the 
high-resistance parts 23B (impurity film) was not carried out, Comparative 
Example 1 accordingly being characterized in that Zn was not contained in 
30 the high-resistance parts 23B. Further, the solar cell of Example 1 had an 
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energy conversion efficiency of 17.6 %. Still further, though the p-type 
Cu(Ga,In)Se2 crystal used in the solar cell of Example 1 was a polycrystal, the 
solar cell of Example 1 had a ii value (diode index) of 1.47, which is equal to 
that in the case where the crystal used therein is a single crystal. 

5 

Example 2 

[0075] An example of the above -described solar cell according to 
Embodiment 2 is described below as Example 2, with reference to FIGS. 2 
and 4A to 4D. The solar cell of Example 2 shown in FIG. 2 was configured so 

10 that the substrate 21 was a soda hme glass substrate, the conductive film 22 
was a Mo film, the p-tsq^e semiconductor crystal of the compound 
semiconductor layer 23 was a chalcopyrite* structured p-tj^je Cu(Ga,In)Se2 
crystal, the Yi'type impurity doped in the high-resistance parts 23B was Zn, 
the n-type window layer 24 was a n-type ZnMgO film, and the n-type 

15 transparent conductive film 25 was an ITO film. The resistance of the 

high-resistance parts 23 was set to be higher than the resistance of the n-type 
ZnMgO film. Further, the ITO film was formed so as to be connected with 
the low-resistance part 23A via substantially only at least one of the n-t5^e 
ZnMgO film and the high-resistance parts 23B. 

20 [0076] The solar cell of Example 2 was produced in the following manner. 
First, as shown in FIG. 4A, the Mo film with a film thickness of 
approximately 400 nm was formed on the soda lime glass substrate by 
sputtering or the Hke. The Mo film had a sheet resistance of approximately 
0.5 Q/d. Next, as shown in FIG. 4A, the chalcopyrite- structured p-type 

25 Cu(Ga,In)Se2 crystal as the p-type semiconductor crystal 33 was grown on the 
Mo film by vapor deposition, at a film formation rate of 1 [xm/min. until the 
film had a thickness of approximately 2 jxm. The p-type Cu(Ga,In)Se2 
crystal had an uneven surface. Next, as shown in FIG. 4A, the n-type 
ZnMgO film as the n-type window layer 24 was formed on the p-type 

30 semiconductor crystal 33 so as to have a film thickness of approximately 100 
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nm by a sputtering method emplo3dng ZnO and MgO as targets. Since the 
p-type Cu(Ga,In)Se2 crystal had an uneven surface, the pinholes 29 
(apertures) were formed in the n-type ZnMgO film. The pinholes 29 were 
formed substantially in the vicinities of recessed portions of the uneven 
5 surface of the p-type Cu(Ga,In)Se2 crystal. 

[0077] Next, as shown in FIG. 4A, the stack composed of the soda lime glass 
substrate, the Mo film, the p-type Cu(Ga, In)Se2 crystal, and the n-type 
ZnMgO film is immersed in an electroplating solution 42 containing zinc 
sulfate, which was contained in a solution vessel. After the stack was 

10 immersed, a voltage in a range of 0.5 V to 0.6 V was appUed for three minutes 
by using a Zn electrode 41 formed with Zn (n-t5T)e impxirity) and provided in 
the electroplating solution 42 as an anode and the Mo film in the stack as a 
cathode. The apphcation of a voltage caused Zn"*" ions (n-type impurity ions) 
to be leached out of the Zn electrode 41 into the electroplating solution 42, 

15 and the leached Zn"^ ions were deposited selectively on the exposed surfaces of 
the p'type Cu(Ga,In)Se2 crystal exposed in the pinholes 29 of the n-type 
ZnMgO film. By so doing, Zn films with a film thickness of approximately 
20 nm were formed as the impurity films 46, as shown in FIG. 4B. 
[0078] Next, the stack with the Zn films being formed therein was annealed 

20 at a substrate temperature of 170*^0 for 20 minutes. This caused Zn in the 
Zn films to be diffused in the inside of the p-type Cu(Ga,In)Se2) crystal, 
whereby the compound semiconductor layer 23 including the high-resistance 
parts 23B containing Zn and the low -resistance part 23Anot containing Zn 
diffused fi^om the Zn films was formed as shown in FIG. 40. Next, by 

25 applying wet etching, the stack including the compound semiconductor layer 
23 having the low -resistance part 23A and the high-resistance parts 23B was 
immersed in a hydrochloric acid solution, so that the Zn films remaining on 
the n-type ZnMgO film and the high-resistance parts 23B were removed. 
Then, the stack from which the Zn films were removed was washed with pure 

30 water. 
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[0079] Next, as shown in FIG. 2, an ITO film as the n-type transparent 
conductive film 25 was formed by sputtering on the high-resistance parts 23B 
and the n-type ZnMgO film. With this, the production of the solar cell of 
Example 2 was completed. 
5 [0080] A shunt resistor 1 (see FIG. l) of an equivalent circuit of the solar cell 
of Example 2 had a resistance of approximately 2 kQ-cm^, which was 
approximately 5 times the resistance of a solar cell according to Comparative 
Example 2 produced by the same method as that for the solar cell of Example 
2 except that the step of forming the high-resistance parts 23B was not 

10 carried out, Comparative Example 2 accordingly being characterized in that 
Zn was not contained in the high-resistance parts 23B. Further, the solar 
cell of Example 2 had an energy conversion efficiency of 17 %. Still further, 
though the p-type Cu(Ga,In)Se2 crystal used in the solar cell of Example 2 
was a polycrystal, the solar cell of Example 2 had a n value (diode index) of 

15 1.5, which is equal to that in the case where the crystal used therein is a 
single crystal. 

Example 3 

[0081] An example of the above -described solar cell according to 
20 Embodiment 3 is described below as Example 3. It should be noted that 

FIGS. 2 and 5A to 5C are referred to. The solar cell of Example 3 shown in 
FIG. 2 was configured so that the substrate 21 was a soda lime glass 
substrate, the conductive film 22 was a Mo film, the p"type semiconductor 
crystal of the compound semiconductor layer 23 was a chalcopyrite -structured 
25 p'type Cu(Ga,In)Se2 crystal, the n-type impurity doped in the high-resistance 
parts 23B was Zn, the n type window layer 24 was a n-type ZnMgO film, and 
the n type transparent conductive film 25 was an ITO film. The resistance 
of the high- resistance parts 23 was set to be higher than the resistance of the 
n-type ZnMgO film. Further, the ITO film was formed so as to be connected 
30 with the low-resistance part 23A via substantially only at least one of the 
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n-type ZnMgO film and the high- resistance parts 23B. 
[0082] The solar cell of Example 3 was produced in the following manner. 
First, as shown in FIG. 5A, the Mo film with a film thickness of 
approximately 400 nm as the conductive film 22 was formed on the soda lime 
5 glass substrate as the substrate 21 by sputtering or the like. The Mo film 
had a sheet resistance of approximately 0.5 Q/a. Next, as shown in FIG. 5A, 
the chalcopyrite- structured p-type Cu(Ga,In)Se2 crystal as the p-type 
semiconductor crystal 33 was grown on the Mo film by vapor deposition, at a 
film formation rate of 1 jxm/min. until the film had a thickness of 

10 approximately 2 \im in average. The p-type Cu(Ga,In)Se2 crystal had an 
uneven surface. Next, as shown in FIG. 5A, the n-type ZnMgO film as the 
n-tjTje window layer 24 was formed on the p-t3T)e Cu(Ga,In)Se2 crystal so as 
to have a film thickness of approximately 100 nm by sputtering. Since the 
p-type Cu(Ga,In)Se2 crystal had an uneven surface, the pinholes 29 

15 (apertures) were formed in the n-type ZnMgO film. The pinholes 29 were 
formed substantially in the vicinities of recessed portions of the imeven 
sxirface of the p-type Cu(Ga,In)Se2 crystal. 

[0083] Next, as shown in FIG. 5B, Zn"*" ions (n-type impurity ions) were 
implanted in the p-type Cu(Ga,In)Se2 crystal via the pinholes 29 in the n-type 
20 ZnMgO film, from the side where the n-type ZnMgO film was formed, until 
the dose amount became in a range of 5xl0i^/cm2 to SxlO^^/cm^. With this, 
the ion-implanted parts 56B containing Zn were formed in the p-type 
Cu(Ga,In)Se2 crystal. 

[0084] Next, the stack provided with the p-type Cu(Ga,In)Se2 crystal 
25 including the ion-implanted parts 56B and the non-ion-implanted part 56A in 
which the impurity ions were not implanted was annealed (heat treatment) 
at a substrate temperature of 170°C for 20 minutes, so that Zn thus 
implanted therein was diffused in the p type Cu(Ga,In)Se2 crystal. By so 
doing, the compound semiconductor layer 23 that included the 
30 high-resistance parts 23B containing Zn and the low -resistance part 23A not 
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containing Zn diffused from the Zn film was formed. This anneaUng also 
allowed the p-type Cu(Ga,In)Se2 crystal to be restored from damage that 
occurred upon the ion implantation. 

[0085] Next, as shown in FIG. 2, the n-type transparent conductive fQm 25 
5 was formed by sputtering on the n-type ZnMgO film and on surfaces of the 
high-resistance parts 23B. With this, the production of the solar cell of 
Example 3 was completed. 

[0086] The shunt resistor 1 (see FIG. l) of an equivalent circuit of the solar 
cell of Example 3 had a resistance of approximately 2 kQ-cm^, which was 

10 approximately 5 times the resistance of a solar cell according to a 

comparative example produced by the same method as that for the solar cell 
of Example 3 except that the step of implanting Zn ions and the annealing 
step were not carried out, the comparative example accordingly being 
characterized in that Zn was not contained in the high-resistance parts 23B. 

15 Further, the solar cell of Example 3 had an energy conversion efficiency of 

17 %. Still further, though the p-type Cu(Ga,In)Se2 crystal used in the solar 
cell of Example 3 was a polycrystal, the solar cell of Example 3 had a n value 
(diode index) of 1.5, which is equal to that in the case where the crystal used 
therein is a single crystal. 

20 

Industrial Applicability 

[0087] The present invention is appUcable for improving an energy 
conversion efficiency of a solar cell by increasing a resistance of a shunt 
resistor of an equivalent circuit of the solar cell. Further, the present 
25 invention is applicable for improving the manufacturability of the solar cell. 



